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Abstract
We present a seasonal climatology of tropopause altitude for 78
◦ N 16
◦ E derived from
observations 2007–2010 by the SOUSY VHF radar on Svalbard. The spring mini-
mum occurs one month later than that of surface air temperature and instead coin-
cides with the maximum in ozone column density. This conﬁrms similar studies based 5
on radiosonde measurements in the arctic and demonstrates downward control by the
stratosphere. If one is to exploit the potential of tropopause height as a metric for cli-
mate change at high latitude and elsewhere, it is imperative to observe and understand
the processes which establish the tropopause – an understanding to which this study
contributes. 10
1 Introduction
It is now a well-established fact that trace gases determining the greenhouse eﬀect in
the troposphere have increased drastically in recent decades, causing a noticeable
warming on global scale in the troposphere (Solomon et al., 2007 and references
therein). It is not so commonly known that the very same increases in greenhouse 15
gases (GHG) that are responsible for global warming in the troposphere are also re-
sponsible for a cooling of the middle atmosphere (e.g., Rishbeth and Roble, 1992;
Rishbeth and Clilverd, 1999; Roble and Dickenson, 1989). Indeed, the absolute ex-
pansion of the troposphere combined with contraction of the middle atmosphere leads
to a net contraction and therefore lowering of pressure levels in the ionosphere and 20
the ionospheric layers associated with them (e.g., Ulich and Turunen, 1997; Hall et
al., 2007). Intuitively, a warming and expansion of the troposphere will result in an
upward displacement of the tropopause; a cooling of the lower stratosphere, what-
ever the cause, will also result in an upward displacement. Thus if GHG concen-
tration increases alone are responsible for these temperature changes, tropopause 25
height change should represent a more sensitive metric than, for example surface air
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temperature. Such responses of the tropopause to control from above and below and
the potential as a metric for climate change are discussed by, for example, Santer et
al. (2003) and Z¨ angl and Hoinka (2001). Obviously, if we are to exploit the tropopause
altitude for climate study, we need to fully understand the controlling mechanisms (e.g.,
Hu et al., 2010). However, one also has to consider systematic changes of atmo- 5
spheric dynamical patterns as a potential cause of tropopause altitude and tempera-
ture changes, and much of the research on the Upper Troposphere/Lower Stratosphere
(UTLS) regions focuses on this issue (see, e.g., SPARC Newsletter no. 35, p. 8–13,
2010). While interest to some degree has moved from the tropical to the extratropical
UTLS region (e.g., B` egue et al., 2010), the polar regions, reviewed by e.g. Highwood 10
et al. (2000), are still poorly covered.
At 79
◦ N 16
◦ E (Adventdalen, Svalbard) the SOUSY VHF radar continually monitors
the tropopause location, the radar system itself and subsequent analysis technique
for identifying the radar tropopause being fully described by Hall et al. (2009). The
radar tropopause (e.g., Gage and Green, 1979) and its relation to the meteorologi- 15
cal tropopause (e.g., WMO, 1996), typiﬁed by a systematic height diﬀerence, are dis-
cussed by R¨ ottger and Hall (2007) and Hall et al. (2009), but we shall investigate this
further in this study. Daily average tropopause heights are obtained from the original
hourly values providing an almost uninterrupted time-series since November 2007. In
addition we shall make use of surface air temperatures obtained at the nearby Kjell 20
Henriksen Observatory (KHO) approximately 2km SE of the radar at an altitude of
520m on Breinosa, and also the total ozone column density climatology measured
at Ny ˚ Alesund approximately 120km to the NW. Surface air temperatures were origi-
nally recorded at 5min intervals, but here we use daily means. The station consists of
a standard Campbell Scientiﬁc data logger with sensors for pressure, wind and tem- 25
perature, and is part of the network of weather stations that The University Centre in
Svalbard (UNIS) operates in the surroundings of Longyearbyen. The data are ported
to the main observatory (KHO) in real time. The ozone column density monthly cli-
matology is derived from the (fragmentary) time-series from 1950 to 2007, including
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the historical Dobson measurements from Longyearbyen 1950–1968, re-analyzed and
published by Vogler et al. (2006), satellite observations from the time period 1970–2005
(BUV 1970–1977, TOMS 1979–2005), and measurements by means of the SAOZ in-
strument (since 1991) and the GUV ﬁlter instrument (since 1995) in Ny-˚ Alesund.
2 Results 5
The daily values obtained from the original hourly tropopause height determinations
are shown in Fig. 1 together with the result of applying a 30-day Lee ﬁlter (Lee, 1986).
The latter helps to illustrate the seasonal variation: a minimum in early April, a summer
maximum and a secondary winter peak. If we then form monthly averages to obtain
a seasonal climatology for the years 2008 to 2010 inclusive we arrive at Fig. 2. Here the 10
radiosonde-determined meteorological tropopause from Ny ˚ Alesund (Koldewey Station
of the Alfred Wegener Institute) from the period November 2007 to November 2008 in-
clusive is also shown together with the WMO (1996) model. The numbers on the
radar-measurement standard deviation bars indicate the numbers of hourly values that
contribute to each monthly value. Again we see the clear April minimum followed by 15
a summer maximum and secondary winter maximum. We see a good agreement in
seasonal variation between radar and radiosonde measurements and also the system-
atic height diﬀerence between meteorological and radar determinations, as mentioned
earlier. This is now shown in the upper panel of Fig. 3: there is a distinct seasonal
variation but with a peak-to-peak magnitude of only 1km, the signiﬁcance of which is 20
perhaps arguable considering the combined standard deviations (indicated in the ﬁg-
ure) in the monthly means from each measurement. Nevertheless, we have performed
a linear regression (Fig. 3, middle panel) resulting in the approximate relation:
radar-tropopause=5.4±0.4 km+0.62±0.05×meteorological-tropopause (1)
where the above uncertainties are the 1-sigma errors in the regression and the 95% 25
conﬁdence intervals are shown by dotted lines in the ﬁgure. By applying this conversion
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to the radar determination it is therefore possible to estimate the meteorological
tropopause altitude as we illustrate in the bottom panel of Fig. 3 (again, dotted lines
indicate the uncertainties based on those of the linear regression).
Having reiterated the agreement in seasonal variation between radiosonde and radar
determinations that was established earlier by Hall et al. (2009), and also quantiﬁed the 5
relationship between altitudes discussed by R¨ ottger and Hall (2007), we turn our atten-
tion to comparison with surface air temperature. Monthly averages are compared using
cross correlations as shown in the upper panel of Fig. 4. This ﬁgure is an updated ver-
sion of the one shown earlier by Hall et al. (2009) but incorporating the newer radar
data, and includes results of comparing (a) the previous SOUSY radar (e.g., R¨ ottger 10
and Hall, 2007) with temperatures distributed by the Norwegian Meteorological Insti-
tute, met.no, from Longyearbyen airport 12km NW of the radar, (b) the current SOUSY
radar with temperatures measured in Adventdalen (5km NW of the radar) and (c) ra-
diosonde measurements with Adventdalen temperatures. The rationale for including
data from so many sources was to consciously employ quite independent measure- 15
ments. As can be seen, the temperature variation leads that of the tropopause height
by one month; inclusion of newer data from SOUSY does not alter the conclusion of
Hall et al. (2009). If we now employ daily values rather than monthly averages, and
now using only temperatures from Breinosa, the same result emerges, as shown in
the lower panel of Fig. 4. The maximum correlation is where the temperature varia- 20
tion leads that of the tropopause height by approximately one month. By smoothing
the radar tropopause heights with a 30 day Lee ﬁlter prior to the correlation analysis
we obtain a coeﬃcient of 0.8 at a lag of 33 days. By ﬁrst correlating with daily radar
tropopause values and then smoothing with a 30-day Lee ﬁlter we obtain a coeﬃcient
of 0.35 at a lag of 27 days. Using daily values only, the correlation maximizes at 0.4, 25
again at a lag of 33 days, although a secondary peak is evident at zero lag correspond-
ing to the somewhat earlier tropopause height minimum in 2010 (this is seen in Fig. 1
but disappears with smoothing as seen in Fig. 3). Again we conﬁrm the conclusion of
Hall et al. (2009), that the spring tropopause height minimum lags that of the surface
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air temperature by approximately one month.
One would expect prima facie, that the meteorological tropopause height, essen-
tially being the temperature minimum between the adiabatic tropopause and the re-
gion of positive temperature gradient of the lower stratosphere, is a reﬂection of the
troposphere thickness. Given a constant lapse rate through the troposphere and ig- 5
noring boundary layer inversions, variations in tropospheric thickness and therefore
tropopause height could be expected to occur simultaneously with surface temper-
ature variation. While troposphere temperature does indeed strongly inﬂuence the
tropopause altitude, it is not, however the only governing factor as both the ozone con-
centration in the stratosphere and the solar UV ﬂux vary strongly with season, particu- 10
larly at high latitude. In spring, breakdown of the polar vortex gives rise to entrainment
of ozone in the polar cap and around the same time (depending on latitude), solar ﬂux
increases suddenly as the polar night ends. The resulting heating of the stratosphere
tends to displace the tropopause downwards competing with the onset of spring warm-
ing and expansion of the troposphere (e.g., Highwood et al., 2000). The eﬀects of 15
tropospheric warming and stratospheric ozone content on tropopause altitude are dis-
cussed by, for example, Santer et al. (2003). Thus in our ﬁnal comparison we shall
examine the relation between tropopause height and total column ozone density mon-
itored 120km NW of the radar. We reproduce the tropopause data shown earlier in
Fig. 2 in the upper panel of Fig. 5. The middle panel shows the total column ozone 20
monthly climatology (means and standard deviations) in Dobson units as described in
the Introduction. In the bottom panel of the ﬁgure we show the monthly climatology
(means and standard deviations) of surface air temperature at Breinosa since Novem-
ber 2007. From the temperature data we can see the late winter minimum in March
occurring where radiative cooling is in equilibrium with solar warming, signifying the 25
end of the arctic winter; this precedes both the minimum in tropopause height and
maximum in ozone column density by approximately one month. Similarly, and also
contributing to the lag between seasonal variations of tropopause height and surface
air temperature, the maximum summer temperature occurs in July, as opposed to the
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maximum tropopause height which occurs in August. During the autumn, the air cools
and there is a corresponding fall in tropopause suggesting less downward control by
the stratosphere from September to November. From November to January, the ozone
suﬀers a dramatic depletion; there is also an absence of solar UV during the polar
night and the virtual absence of stratospheric heating competes with radiative cool- 5
ing of the troposphere, resulting in the secondary maximum in tropopause height in
December–January.
3 Conclusions
Earlier Hall et al. (2009) demonstrated the capability of the SOUSY VHF radar on Sval-
bard for monitoring of tropopause altitude, and here we employ data acquired since. 10
We examine the relationship between the radar and meteorological tropopause and
tentatively quantify it, but most importantly validating the initial results with the newest
data. That the surface air temperature seasonal variation leads that of tropopause
height by approximately one month, a tentative result of Hall et al. (2009), is also con-
ﬁrmed here. Moreover examination of ozone column density reveals a coincidence 15
of the spring ozone maximum with the tropopause altitude minimum. Thereafter, the
tropopause gains height during the summer coinciding with increases in troposphere
temperature and gradual decrease in ozone. The winter ozone depletion coincides
with the secondary maximum in tropopause altitude. Thus we ﬁnd that the tropopause
is determined both by tropospheric and stratospheric temperatures, the latter being 20
determined by a complex combination of the Brewer-Dobson circulation (e.g., Salby
1996) and solar UV ﬂux. All mechanisms controlling the tropopause location exhibit
particularly strong seasonal variations at high latitude; this study contributes to our un-
derstanding of these mechanisms – necessary if we are to employ tropopause altitude
as a metric for climate change. 25
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Fig. 1. Tropopause heights (radar tropopause) since November 2007, as determined by
SOUSY. Daily medians of hourly values are indicated by black dots; thick solid line shows
result of applying a 30-day Lee-ﬁlter.
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Fig. 2. Monthly values of tropopause height. The upper black line shows the monthly clima-
tology for the period 2008–2010 inclusive as determined by radar, the vertical bars indicating
the standard deviation and the numbers showing the number of hourly values used for each
point. The overlying smooth line shows a 3-month Lee ﬁlter smoothing to illustrate the mid-
winter weak secondary maximum. The WMO 1996 model is indicated by the dotted line, while
the dashed line shows the corresponding values obtained from radiosonde measurements at
Ny ˚ Alesund, 120km to the NW of the radar (standard deviation bars are very slightly oﬀset for
clarity).
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Fig. 3. Upper panel: the height diﬀerence between radar and radiosonde tropopause de-
terminations. Although showing a distinct seasonal variation, the peak to peak magnitude is
only 1km. Middle panel: linear regression of radar tropopause on meteorological tropopause
heights together with 95% conﬁdence limits. Bottom panel: Tropopause determinations for the
period of observation with 30-day Lee ﬁlter applied for clarity. Thin upper line: radar determina-
tion; lower dashed line: radiosonde determination; solid thick line: estimate the meteorological
tropopause (uncertainties based on those of the regression indicated by dotted lines).
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Fig. 4. Upper panel: updated version of results from Hall et al. (2009) showing correlations
between tropopause determinations and temperature measurements (see text and Hall et
al., 2009 for details). Lower panel: correlations based on daily data (variable line), 30-day
smoothed correlation (smooth lower line), and correlation between daily temperature and 30-
day smoothed tropopause height (upper smooth line). All temperatures from Breinosa.
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Fig. 5. Upper panel: repetition of Fig. 2, but included here to show seasonal variation in the
contexts of those of ozone and temperature. Middle panel: monthly climatology of total column
O3 in Dobson units, as measured at Ny ˚ Alesund. Bottom panel: monthly climatology of surface
air temperature at Breinosa.
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